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ABSTRACT 

A  technique  for  the  experimental  determination  of 
spectral,  hemispherical  emittance  of  surfaces  in  the  infra¬ 
red  wavelength  region  is  suggested.  The  technique  consists 
of  using  an  infrared  integrating  sphere  to  measure  spectral, 
bi-hemispherical  reflectance.  The  feasibility  of  the  tech¬ 
nique  is  justified  both  on  an  analytical  basis  and,  to  the 
extent  possible,  on  an  experimental  basis.  A  spectral,  bi- 
hemispherical  ref lactometer  is  described.  The  device  pro¬ 
duces  reflectance  measurements  with  an  estimated  uncertainty 
of  ±2  per  cent  of  full  scale  at  5  microns.  Due  to  detector 
noise  the  estimated  uncertainty  increases  to  ilO  per  cent  of 
full  scale  at  16  microns.  Ref lectometer  measurements  of  the 
spectral  hemispherical  emittance  of  fused  quartz  in  the  5 
to  16  micron  range  are  presented  to  illustrate  operation  of 
the  ref lectometer .  It  is  concluded  that  the  device  has  high 
potential  as  an  analytical  instrument  and  that  develop¬ 
mental  efforts  should  be  directed  toward  extending  its  wave¬ 
length  range. 
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CHAPTER  I 


INTRODUCTION 


Many  problems ,  Including  space  simulation  and  space 
systems  testing ,  deal  with  radiative  heat  transfer  from  sur¬ 
faces.  Such  problems  require  knowledge  of  the  total  hemi¬ 
spherical  emittance/  e,  of  room  temperature  surfaces  for 
computations  of  radiant  interchange.  An  ideal  black  surface 
at  temperature  T,  having  an  e  =  1,  emits  spectral  power  per 
unit  area  and  wavelength  as  determined  by  Planck’s  law  (1)^: 


2JThc^ 

_ Oj _ 

n  [exp (hc^/nXkT)  -  1] 


(1) 


The  total  emitted  power  per  unit  area  of  black  surface  is 
found  by  integrating  Planck’s  law: 


eb(T) 


oo 


/ 


®bX 


The  result  is  the  Stefan-Boltzmann  law: 


(2) 


e^CT)  =  n^aT^  (3) 

The  efficiency  of  a  real  surface  as  a  power  emitter 
may  be  specified  in  terms  of  the  spectral  hemispherical 
emittance,  of  the  surface.  The  is  defined  as  the 


'''Numbers  in  parentheses  refer  to  similarly  numbered 
references  in  the  bibliography. 
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ratio  of  1;he  spectral  emissive  power  of  wavelength  X  from 
the  surface  to  the  spectral  emissive  power  of  the  same  wave¬ 
length  from  an  ideal  black  surface.  The  total  emitted  power 
per  unit  area  of  real  surface  is  given  by 

00 

e(T)  =  J" 
o 

The  total  hemispherical  emittance  e  of  a  surface  is  defined 
as  the  ratio  of  the  emissive  power  from  the  surface  to  the 
emissive  power  from  an  ideal  black  surface  of  the  same 
temperature : 


e 


00 


/  «bX 


(T)dX 


00 


I 


(5) 


If  the  surface  is  a  "gray"  surface,  then  is  a  constant 
and  e  =  In  the  general  case  the  surface  is  non-gray; 

(i.e.,  varies  with  X  and  e  varies  with  surface  temperature 
according  to  Equation  5) .  > 

Regardless  of  whether  the  surface  is  gray  or  non¬ 
gray,  there  are  only  three  practical  approaches  to  the 
determination  of  e  for  near  ambient,  or  below  ambient, 
temperature  surfaces: 

1 .  Calorimetric  techniques . 

2.  Measurements  of  surface  emissive  power  using 
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cryogenically  cooled  thermopile  detectors. 

3 .  Measurements  o£  infrared  reflectance  from 

which,  by  Kirchhoff 's  law,  e  can  be  determined. 

The  basic  type  of  apparatus  employed  in  calorimetric 
techniques  is  illustrated  in  Figure  1  and  described  in 
Reference  (2) .  The  sample  is  suspended  by  small  thermo¬ 
couple  wires  in  vacuum,  and  the  copper  can  is  immersed  in 
boiling  water  until  the  sample  reaches  about  90  ®C.  The 
boiling  water  is  removed,  the  LN2  Dewar  is  raised  and  the 
can  is  quickly  cooled  to  LN2  temperature.  The  cooling  rate' 
of  the  specimen  is  measured  and  used  to  calculate  £  at  any 
desired  temperature  from  about  80  ®C  to  about  -100  ®C.  The 
emittance  is  calculated  from  the  expression 


-me (dT/dt) 
Ac” 


(6) 


The  significant  problems  which  limit  the  range  of  applica¬ 
bility  of  this  method  are; 

1.  The  sample  must  be  heated  in  vacuum.  This  may 
change  the  properties  of  the  sample. 

2.  The  specific  heat  of  the  sample  must  be  known 
accurately. 

3.  An  accurate  surface  temperature  measurement  must 
be  made. 

4.  The  use  of  a  cryogenic  fluid  is  required. 

The  calorimetric  method  is  most  applicable  to  metallic 
samples . 
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Figure  1.  Apparatus  for  hemispherical-emittance 
determinations . 
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The  second  possible  approach  to  the  determination  of 
e  for  ambient  temperature  surfaces  requires  the  use  of  a 
cryogenically  cooled  thermopile  to  measure  the  infrared 
power  emitted  into  hemispherical  space  per  unit  area  of  sur¬ 
face.  Figure  2  shows  an  example  of  an  emissometer  of  this 
type.  Reference  (3).  The  apparatus  consists  of  an  evacuated, 
LN2-cooled  chamber,  a  LN2-cooled  thermopile  and  a  heated 
Scunple  holder.  The  collimating  tube  between  the  sample  and 
thermopile  is  polished  copper  with  a  reflectance  in  the 
infrared  of  about  98  per  cent.  Consequently,  the  shape 
factor  for  transfer  of  energy  from  sample  to  thermopile  is 
very  close  to  unity,  and  a  hemispherical  emissive  power 
measurement  is  assured.  The  thermopile  is  calibrated  against 
blackbody  radiation  by  removing  the  sample  holder  and 
installing  a  heated,  blackened , cavity  over  the 'thermopile. 

This  type  of  emissometer  is  generally  applicable  to 
various  types  of  samples  with  temperatures  ranging  from 
-100  "F  to  +200  ®F,  The  most  significant  problems  encoun¬ 
tered  in  its  application  are: 

1.  An  accurate  measurement  of  surface  temperature 
is  required.  This  may  be  a  significant  problem 
when  working  with  dielectrics. 

2.  The  sample  must  be  installed  in  a  vacuum  ohamber. 

3.  The  use  of  a  cryogenic  fluid  is  required. 

This  type  of  emissometer  has  a  reported  maximum  measurement 
uncertainty  of  ±3.25  per  cent  of  magnitude. 

The  third  possible  way  to  determine  c  is  to  measure 
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the  spectral,  bi-hemispherical  reflectance,  of  the  sur¬ 
face.  By  Kirchhoff's  law  (1),  opaque 

surface,  (1  -  Consequently,  ”  Px^ 

opaque  surfaces  (see  Chapter  II}.  Therefore,  by  measuring 
p^,  is  obtained,  and  the  total  hemispherical  emittance, 
c ,  can  be  calculated  for  any  desired  surface  temperature 
from  Equation  5 . 

If  the  surface  is  gray,  as  is  often  a  close  approxi¬ 
mation,  £  =  e^,  and  the  measurement  of  p^  becomes  a 
particularly  convenient  way  to  determine  e. 

However,  prior  to  the  present  work,  there  has  been  no 


way  to  measure  Pj^  directly.  The  heated  cavity  ref  lactometer 
(Figure  3)  of  Dunkle,  et  al.  (4),  is  widely  used  to  determine 
the  infrared,  spectral,  directional-hemispherical  reflect¬ 
ance,  which  can  be  used  in  various  ways  to 

estimate  e.  For  example,  by  another  form  of  Kirchhoff's 


law,  the  spectral,  directional  emittance  Ej^(9,(|))  is  equal  to 
[1  -  <!>)]/  and  Ej^  can  be  calculated  from  heated  cavity 
reflectometer  data  by  integrating  over  a  hemisphere  (see 


Appendix  A) : 


zir  TT/  z 

=  /  Gj^(6,<1>)  COS0  sin0  d0  d(}) 


With  the  result  of  this  integration,  e  is  calculated  from 
Equation  5,  There  is  one  problem  encountered  in  calculating 
Ej^  from  Equation  7,  viz.,  the  heated  cavity  cannot  provide 
directional  reflectance  data  in  the  75®^  0^  90"  region 
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Figure  3,  Schematic  of  directional  reflectance  apparatus 
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because  of  the  expanding  monochromator  slit  Image  on  the 
sample  surface.  This  Is  a  significant  problem  since  metals 
exhibit  decreasing  reflectance  (l.e..  Increasing  emlttance} 
In  the  75  to  85  degree  direction.  To  complete  the  calcula¬ 
tion  of  It  Is  necessary  to  extrapolate  ^ 

degrees  and,  consequently.  Introduce  the  possibility  of  an 
error . 


Another  way  to  apply  the  heated  cavity  reflectometer 
to  determine  e  requires  only  a  normal  (actually  a  near¬ 
normal)  measurement  of  reflectance  from  which  the  normal 
spectral  emlttance  (0,0)  Is  specified  by  Klrchhoff's  law. 
The  total  normal  emlttance  Is  then  calculated  from  a  form  of 
Equation  5: 


c 


n 


€^(0,0)0^^ 


e^^(T)  ax 


(T)  dX 


(8) 


Knowing  e^.  It  becomes  possible  to  estimate  e  for  the  surface 
In  question.  This  estimate  follows  from  predictions  which 
are  based  on  electromagnetic  theory  and  are  summarized  as 
follows  (1) : 

1.  For  electric  non-conductors,  Is  typically 
greater  than  0.6  and  0 . 95  <;  g/g^  ^  1. 

2.  For  metals,  G^  Is  normally  less  than  0.1  and 

1.1  ^  1.32. 
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In  the  final  analysis,  the  heated  cavity  reflectance 
data  provide  only  estimates  of  e  and,  as  indicated  previ¬ 
ously,  a  technique  for  the  measiirement  of  spectral,  bi- 
hemi spherical ,  reflectance,  p^,  has  not  been  available. 

Magnesium  oxide  (MgO)  coated,  integrating  spheres  (5) 
and  auxiliary  spectrophotometry  equipment  have  been  widely 
used  in  commercial  and  non-commercial  instrtiments  for 
measuring  spectral  reflectance  of  surfaces  in  the  0.25  to 
2.5  micron  region.  Depending  on  the  design,  integrating 
spheres  may  be  used  to  measure  either  directional- 
hemispherical  reflectance  or  hemispherical-directional 
reflectance.  In  this  terminology,  the  first  term  specifies 
the  manner  in  which  the  sample  surface  is  irradiated  and  the 
second  term  specifies  the  manner  in  which  the  reflected 
power  is  measured.  By  reciprocity,  directional-hemispherical 
reflectance  at  a  specified  direction  of  incident  power  is 
equal  to  hemispherical-directional  reflectance  of  power  in  the 
specified  direction. 

These  applications  of  integrating  spheres  strongly 
suggest  that  integrating  spheres  can  also  be  used  to  measure 
hemispherical-hemispherical  (i.e.,  bi-hemispherical) 
reflectance,  As  indicated  previously,  this  is  a 

particularly  worthwhile  measurement  since  (1  -  Pj^)  =  for 
opaque  surfaces.  The  present  work  is  directed  toward  the 
development  of  a  technique  for  the  direct  measurement  of  Pj^ 
using  an  infrared  integrating  sphere. 
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CHAPTER  II 

ANALYSIS 


I.  ANALYSIS  OF  A  TECHNIQUE  FOR  MEASURING 
BI-HEMI SPHERICAL  REFLECTANCE  WITH 
AN  INTEGRATING  SPHERE 


One  very  useful  form  of  Kirchhoff's  law  specifies 
that  the  monochromatic,  directional  emittance,  Ej^{0,(I>),  of  a 
surface  is  equal  to  the  monochromatic ,  directional  absorp¬ 
tivity  a^(0,(j>)  of  the  surface  when  the  surface  temperature 
is  held  constant  (6).  The  quantity  aj^(0,(}>)  is  defined  as 
the  fraction  of  incident  power,  flowing  from  the  (0,<|)) 
direction,  which  is  absorbed  by  the  surface.  For  an  opaque 
surface,  the  conservation  of  energy  requires  that 


(0,<())  =  [1  -  p 


Adh 


(d,(p)  ] 


(9) 


where  monochromatic,  directional- 

hemispherical  reflectance  of  the  surface  when  irradiated 
from  the  (0,(f))  direction.  Therefore,  by  Kirchhof  f  ’  s  law; 


ej^(0,<i)l  =  [1  - 

Further,. the  hemispherical  and  the  directional  emittances 
are  related  as  follows  (see  Appendix  A) : 

2it  7r/2 

/  e^(0,<J>)  COS0  sin0  d0  d^)  (11) 

o  o 
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By  substituting  Equation  10  into  Equation  11,  the  following 
relation  between  hemispherical  emittance  and  directional- 
hemispherical  reflectance  is  obtained: 


c 


1 

TT 


2'n'  7r/2 

I  f 


cos9  sin6  d6  d<(> 


(12) 


The  integral  term  is  the  monochromatic,  hemispherical- 
hemispherical  (i.e.,  bi-hemi spherical)  reflectance  p^. 
Reference  (7) : 


P 


X 


2tt  Tr/2 

f 


o  o 


Pxdh^®#*J*J  COS0  sin0  d0  d(J> 


(13) 


Physically,  p^^  is  the  fraction  of  incident  power  which  is 
reflected  from  a  surface  when  the  surface  is  uniformly, 
hemi spherically  irradiated. 

The  object  of  the  present  analysis  is  to  demonstrate 

that  an  integrating  sphere  can  be  applied  to  accomplish  the 

double  integration  required  in  Equation  13.  To  this  end, 

consider  an  arrangement  in  which  a  small  sample,  of  area  A  , 

s 

is  wall-mounted  on  a  port  looking  into  an  integrating  sphere 
(Figure  4)  whose  interior  is  coated  with  a  diffusing,  highly 
reflecting  material  of  reflectance  p^.  Let  monochromatic 
power,  P^,  pass  into  the  sphere  through  a  second  port, 
suffer  its  first  reflection  at  the  sphere  wall,  disperse  to 
the  sphere  interior  and  suffer  a  second  reflection  at  the 
sphere  wall.  Baffles  are  provided  so  that  no  first  reflec¬ 
tion  power  strikes  either  the  sample  surface  or  the  infrared 
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Figure  4.  Integrating  sphere  and  associated  components  for 
bi-hemispherical  reflectance  measurements. 
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detector.  After  the  second  wall  reflection/  a  portion  of 
the  power  will  hemi spherically  irradiate  and  reflect  from 
the  sample.  The  reflected  component  will  again  reflect  off 
the  sphere  wall  and  a  portion  of  this  component  will  strike 
the  detector  and  contribute  to  its  output.  Baffle  Number  2, 
Figure  4.,  is  sized  to  prevent  any  reflected  energy  from 
going  directly  from  sample  to  detector. 

The  objective  at  this  point  in  the  analysis  is  to 
calculate  an  expression  for  that  fraction  of  the  first  com¬ 
ponent  of  power  which  is  reflected  from  the  sample  and  which 
gets  to  the  detector  (see  Equation  23).  After  strikes 
the  wall  between  the  baffles  (Figure  4),  the  portion  of  the 
first  wall  reflection  which  goes  to  differential  sphere 
area,  dA,  is 


^1-^dA 


P  P 
•^w  o 


(14) 


where  (dA/A^)  is  the  shape  factor  for  transfer  of  energy 
from  the  illuminated  area  on  the  wall  to  dA  (see  Appendix  B) . 
The  portion  of  the  second  reflection  power  going  to  the 
sample  from  dA  is 


dP 


2-»-s 


p^P 
^w  o 


(15) 


where  (A  /A  )  is  the  shape  factor  between  dA  and  the  sample, 
s  o 

Now  define  du  as  the  solid  angle  determined  by  dA  and  R 
(Figure  4) : 


d(i) 


dA  cos6 


dA  cos9 
4r^  cos^e 


(16) 
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du 


dA 


cos9 


(17) 


Then  the  second  reflection  power  per  unit  solid  angle  trans¬ 
ferred  from  dA  to  A^  is  the  ratio  of  Equations  15  and  17 : 


dP 


2->s 


du 


p 

^w  o 

dA 

M 

A^ 

A^ 

o 

o 

dA 

4r  cos 9 


(18) 


Since  A^  =  47rr  , 


dP 


2-»-s 


du 


P 

o 

IT 


COS  6 


(19) 


The  azimuthal  angle,  (j),  has  rwt  entered  the  argument  so  far 
because  [dP2^g/da)]  will  be  independent  of  (p  in  an  ideal 
integrating  sphere. 

To  find  the  total  amount  of  second  wall  reflection 
energy  which  is  reflected  off  the  seunple,  multiply  Equation 
19  by  p^j^(9,(j>)  of  the  sample  and  integrate  over  the 
hemispherical  space  "above"  the  sample; 


P?-  P- 


2->s-»w 


=  /- 


Pdh(9»<(>)  COS0 


du 


(20) 


This  power  suffers  another  wall  reflection  and  a  fraction 
(A^/A^)  of  the  reflected  power  finally  reaches  the  detector; 


P?-  P- 


^2->s-ni?-+-detector  ~  J"  ir  cos0 


fA  1 

f  \ 

A, 

s 

d 

A 

A 

oj 

du 


(21) 
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Since  do)  =  sin6  d6  d(t),  the  integral  becomes 


p.,  P  A  A , 
o  s  d 


2-^  s-^w^de  te  c  tor 


27r  7r/2 


HI  Pdh  #4>)cos6  sine  de  d(j)  (22) 


o  o 


According  to  Equation  13,  the  integral  in  Equation  22 
represents  the  bi-hemispherical  reflectance  of  the  surface 
for  the  wavelength  of  P^.  Therefore,  this  detected  component 
is  proportional  to  p^^; 

^2-*-s-*-w-»-detector  “  ^l^X  (23) 

Additional  wall-reflected  components  suffer  three, 
four,  five,  etc.,  reflections  at  the  wall  before  irradiating 
the  sample.  A  similar  argument  applies  to  each  of  these 
components : 


^3-^s-»w^detector  ^2^X 

^4-»-s-»w-+-detector  ”  ^3^X  (24) 


Summing  all  components  indicates  that  a  portion  of  the  power 
reaching  the  detector  is  linearly  related  to  the  bi- 
hemispherical  reflectance  of  the  sample.  This  relationship 
(Equation  30)  is  examined  in  much  more  detail  in  the  following 
section.  At  present,  however,  it  is  obvious  that  most  of 
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the  power  reaching  the  detector  will  be  wall-reflected  com¬ 
ponents  which  never  strike  the  Scunple  (see  Equation  32). 

( 

Therefore,  the  detector  output  voltage  will  be  of  the  form 

E  =  E  +  AE  (25) 

o 

where  ^E  =  ^Px*  follows,  therefore,  that  if  AE  is  large 

enough  relative  to  E  to  be  measured  accurately,  then  the 
integrating  sphere  can  be  applied  to  the  determination  of 
(i.e.,  ^x^  *  calibration  constant,  K,  could  be  deter¬ 

mined  by  measuring  AE  for  a  surface  of  known  infrared  p^. 

II.  CALCULATION  OF  (AE/E) 

The  input  power,  P^,  separates  into  an  infinite 
number  of  components  by  inter-reflections  within  the  sphere, 
figure  5  indicates  the  manner  in  which  the  input  energy 
disperses.  The  object  at  this  time  is  to  derive  an  expres¬ 
sion  for  the  power  included  in  all  components  reaching  the 
detector,  A^.  Sub -components  which  have  been  reflected  off 
the  sample  three  or  more  times  will  be  excluded  from  the 

analysis.  This  is  justified  on  the  basis  that  the  shape 

-2 

factor  (A  /A  )  will  be  of  order  10  ,  and  the  power  contained 

S  w 

in  components  reflected  from  the  sample  will  be  attenuated 
-  2N 

by  orders  of  10  where  N  is  the  number  of  Scunple  reflec¬ 
tions  which  have  occurred. 

Figure  6  shows  the  power  of  each  reflected  component 
of  Branch  Number  1  (Figure  5) .  These  values  follow  from  the 
straightforward  application  of  the  shape  factor  for  energy 
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Figure  6.  Power  retained  in  inter-reflection  components. 
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transfer  between  one  area  and  another  on  the  surface  of  an 
ideal  integrating  sphere  (see  Appendix  B) .  Summing  all 
detector  components  in  Branch  Number  1  gives 


AP,  = 


3 

P  P  P 
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(26) 


Since  (p^A/A^)  is  less  than  unity,  the  series  in  parentheses 
will  converge  to  [1  -  ^ 


AP, 


P  P^P 
^s^w  o 


1  +  p  p 


1 _ 

/ 


(27) 


It  is  convenient  at  this  point  to  stipulate  that  (A  /A  ) 

s  o 

_2 

shall  be  of  order  10  .  Since  p„,  p.  and  A/A_  are  all  less 

s  w  o 

than  unity,  the  middle  term  in  Equation  27  becomes  unity  to 
within  1  per  cent.  Therefore 


AP 


1 


'1 

A' 

2 
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[1  -  P,,(A/A^)] 


(28) 
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Power  components  similar  to  Equation  28  will  also  come  from 
the  other  branches  (Figures  5  and  6,  pages  18  and  19). 
However,  each  component  will  be  a  factor  of  (p^/A^)  less 
than  the  preceding  component.  Consequently,  the  total  com¬ 
ponent  of  detector  power  which  varies  with  p  can  be  written: 


2r 


p  p  p 
^s^w  o 

Ap  ^ 

A 
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1  4.  A 

A 
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f  y 
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(29) 


Therefore : 
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(30) 


The  detector  components  at  the  top  of  Figures  5  and  6 
are  wall  reflected  components  which  are  not  a  function  of 
pg.  The  sum  of  these  components  is 
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Since  the  detector  output  voltage  is  the  product  of  power 
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reaching  the  detector  and  the  detector  sensitivity/  AE/E  is 
the  ratio  of  Equations  30  and  32: 


»  ^ 

A 

A 

S 

A 

A 

2°} 

o 

[1  -  P„(A/A„)1 


(33) 


The  magnitude  of  AE/E  can  be  evaluated  by  noting  that  typical 

values  for  and  A/A  are  0.95  and  0.98,  respectively, 

_2 

while  Ag/A^  has  been  set  at  10  .  With  these  values 


^  “  13.3  •  10“^Pg  (34) 

This  result  suggests  that  with  stable  instruments,  and  con¬ 
ditions,  Pg  can  be  accurately  determined  by  measuring  AE. 

For  example,  a  reflectance  change  of  0.01  (i.e.,  1  per  cent 
on  a  scale  of  100  per  cent)  will  generate  a  AE  of 

AE  =‘  1.34  •  10"^  E  (35) 

This  indicates  that  the  voltage  measurement  will  have  to  be 
resolved  to  within  approximately  ±1  part  per  thousand  in 
order  to  determine  p  within  ±1  per  cent  on  a  full  range 
scale  of  100  per  cent  reflectance.  This  resolution  is 
feasible  with  modern  instrumentation  provided  E  is  stable 
and  sufficiently  large. 
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CHAPTER  III 

INFRARED  REFLECTOMETER  DESIGN 

I.  DESCRIPTION  OF  AN  INFRARED  BI- 
HEMI SPHERICAL  REFLECTOMETER 

The  spectroref lectometer  shown  schematically  in 
Figure  1 ,  and  pictorially  in  Figures  8  and  9,  was  designed 
and  developed  to  implement  the  bi-hemispherical  reflectance 
measurement  technique  which  was  analyzed  in  Chapter  II.  In 
operation,  energy  from  the  infrared  source  is  collected  by 
the  gold-coated,  6-inch  mirror  (Figure  7)  and  is  focussed  at 
the  entrance  slit  of  the  monochromator.  The  energy  is  dis¬ 
persed  by  a  cesium  bromide  (CsBr)  prism  in  the  Perkin-Elmer 
Model  98  monochromator,  and  a  selectable,  narrow  band  of 
infrared  frequencies  exits  the  monochromator.  The  CsBr 
prism  is  usable  over  the  infrared  region  from  1  to  38 
microns  (u)*  After  leaving  the  monochromator,  the  energy  is 
chopped  at  100  Hz  and  is  collected  by  the  gold-coated,  8-inch 
mirror  and  focussed  into  the  infrared  integrating  sphere. 
Details  of  the  sphere  are  shown  in  Figure  9 .  A  small  portion 
of  the  input  power  is  measured  by  the  input  power  detector 
which  is  mounted  on  the  integrating  sphere  behind  the  narrow, 
centrally  located  slit  between  the  baffles.  This  detector 
signal  is  used  by  the  slit  servo  instrumentation  to' main¬ 
tain  the  input  power  constant  during  a  measurement. 


23 


Figure  7.  Infrared  bi-hemispherical  ref lectometer  schematic 
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Figure  8.  Infrared  bi-heinispherical  ref lectometer  photograph. 
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Figure  9.  Details  of  interior  of  infrared  integrating  sphere. 
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The  remainder  of  the  input  power  is  scattered  over 

the  sphere  interior  by  an  initial  wall  reflection  from  the 

area  between  the  baffles.  The  baffles  prevent  any  of  this 

first  reflection  energy  from  getting  to  the  sample  port  or 

to  the  hemispherical  detector.  They  also  prevent  any  of  the 

energy  which  is  reflected  from  the  sample  from  going  directly 

to  the  hemispherical  detector.  The  inter-reflections  which 

occur  within  the  sphere  were  fully  examined  in  Chapter  II. 

The  sample  on  the  0.9-inch  diameter  sample  port  is  hemisphe- 

rically  illuminated;  and  since  the  ratio  of  sample  area  to 

-2 

sphere  area  is  (A  /A  )  =  0.0109  (i.e.,  approximately  10  ), 

s  o 

the  output  of  the  hemispherical  detector  can  be  expected  to 
be  of  the  form  E  +  AE  where  AE  is  proportional  to  the  bi- 
heraispherical  reflectance  of  the  sample  surface  as  specified 
in  Equation  33 . 

In  order  to  maximize  the  transmission  of  infrared 
energy  through  the  system,  no  monochromator  windows  were 
used.  Also,  to  prevent  atmospheric  absorption  of  the, energy, 
the  6-  and  8-inch  mirror  enclosures  were  made  airtight  and 
are  helium  purged  as  a  unit  which  includes  the  monochromator 
housing.  The  infrared  integrating  sphere  is  also  purged  to 
prevent  atmospheric  absorption.  This  is  particularly 
important  since  atmospheric  absorption  within  the  sphere 
would  have  the  same  disastrous  effect  on  the  magnitude  of 
the  hemispherical  detector  signal  as  would  a  low  wall 
reflectance. 

The  infrared  detection  and  slit  control 
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instriimentation  for  the  ref  lec  tome  ter  is  shown  schematically 
in  Figure  10.  The  two  detectors  are  Barnes  Engineering, 
thermistor  infrared  detectors.  Each  detector  has  both  an 
active  thermistor  flake,  which  is  blackened  and  is  exposed 
to  the  infrared  radiation,  and  an  adjacent  compensation 
flake  which  is  shielded  from  the  radiation.  The  thermistor 
flakes  are  2.5  mm  by  2.5  mm  by  10  microns  thick  and  have  a 
negative  temperature  coefficient  of  4  per  cent  per  °C. 

They  are  operated  in  a  full  bridge  as  shown  in  Figure  10  and 
are  biased  to  ±510  V  with  batteries.  The  signal  reference 
point  is  the  common  lead  between  the  pair  of  batteries. 

When  radiation  strikes  the  active  flake  its  temperature  rises 
and  its  resistance  decreases.  Since  the  resistance  of  the 
compensation  flake  remains  unchanged,  a  resistive  imbalance 
is  generated  and  causes  a  change  in  the  potential  at  the 
common  lead  between  the  flakes.  This  voltage  change  is  pro¬ 
portional  to  the  magnitude  of  the  incident  irradiance. 

Thermistor  detectors  were  chosen  for  use  in  the 

reflectometer  because  broadband  (i.e.,  1  -  35  y)  types  were 

readily  available  commercially.  Also,  thermistor  detector 

2 

responsivities  for  6.25  mm  active  thermistor  flakes  range 
from  50  to  100  volts/watt  as  compared  to  the  5  to  15 
volts/watt  generated  by  thermopile  infrared  detectors  of 
comparable  receiver  area. 

The  two  detector  signals  are  read  out  on  two  separate 
Princeton  Applied  Research  Model  HR-8  lock-in  amplifiers. 
These  amplifiers  synchronously  rectify  the  detector  signals 
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Figure  10.  Block  diagram  of  the  infrared  detection  and  slit  control 
instrumentation. 
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and  function  as  narrow  band  detection  systems.  The  ampli¬ 
fiers  utilize  the  reference  signal  which  is  generated  by  the 
auxiliary  chopper  blade  and  the  reference  lamp  and  detector 
indicated  in  Figure  1 ,  page  24.  In  simplest  terms,  each 
amplifier  receives  a  square-wave  detector  signal  and  a 
square-wave  reference  signal.  Only  the  fundamental  component 
of  the  detector  signal  is  amplified  and  all  harmonics  are 

filtered  out.  This  component  may  be  designated  e  (t)  = 

s 

GE  (t)sin(ot  where  E  (t)  is  the  peak  amplitude  of  the  funda- 
s  s 

mental  component  of  the  hemispherical  detector  signal  and  G 
is  the  amplification  gain  factor.  Similarly,  the  funda¬ 
mental  component  of  the  reference  signal  is  amplified  to 
unity  peak  amplitude  and  may  be  designated  ©j,  (t)  =  sincot. 
These  two  signals  are  multiplied  in  a  mixer  stage  to  obtain 
an  output  of 

ej^(t)  =  GEg(t)  sin^ojt  (36) 

2 

Since  sin  wt  =  [1/2(1  -  cos2ajt)], 

®m(t)  “  GEg(t)]  -  [1/2  GEg  (t)cos2wt]  (37) 

Therefore,  the  mixer  output  contains  the  slowly  varying  D.C. 
component,  [1/2  GE  (t) ] ,  and  an  A.C.  signal  which  is  elimi- 
nated  by  filtering  the  output.  The  D.C.  component  is 
amplified  and  presented  as  the  output  signal.  The  HR-8 
amplifiers  are  calibrated  in  terms  of  the  rms  value  of  the 
fundamental  component  of  the  detector  signal.  The  sensi¬ 
tivity  is  adjustable  from  100  nanovolts  (nv)  to  500 
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millivolts  (mv)  full  scale  in  21  ranges. 

A  narrow  amplifier  bandwidth  is  obtained  by  filtering 
the  D.C.  output  component.  The  bandwidth  is  given  by  AB  = 
(1/8RC) , where  RC  is  the  output  time  constant  and  is  adjust¬ 
able  from  1  msec  to  100  seconds.  The  amplifier  rise  time 
(10  to  90  per  cent)  is  given  by  =  3.4  RC. 

Both  of  the  HR-8  amplifiers  (Figure  10,  page  29)  have 
differential  input  pre-amplifiers  which  are  utilized  to  take 
the  difference  between  two  input  signals.  The  signal  from 
the  input  power  detector  is  compared  to  a  standard  calibra¬ 
tion  signal  and  the  difference  signal  iS  amplified  and  used 
to  servo  the  monochromator  slits  for  maintaining  a  constant, 
sphere-input  power. 

The  signal  from  the  hemispherical  detector  is  compared 
to  the  offset  generator  output  (Figure  10)  and  is  nulled 
when  there  is  no  sample  on  the  sphere  sample  port.  Nulling 
is  accomplished  by  varying  the  amplitude  and  phasing  of  the 
output  of  the  offset  generator.  After  nulling  is  accomplished 
the  sensitivity  of  amplifier  number  2  can  be  increased  to 
display  and  record  the  AE  resulting  from  placing  a  sample  on 
the  sample  port. 

Data  is  collected  as  follows.  The  monochromator  is 
adjusted  to  the  wavelength  band  of  interest  and  the  hemi¬ 


spherical  detector  reading  is  nulled  with  the  sample  port 
open.  The  sensitivity  of  amplifier  number  2  is  increased  by 


a  factor  of  10  ^nd  final  nulling  is  then  accomplished  by 


adjusting  the  offset  generator  for  a  zero  recorder 
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deflection.  A  standard  gold  mirror  is  placed  on  the  sample 
port  and  the  resulting  (AE)  is  recorded.  The  standard  is 

g 

then  replaced  with  the  sample  and  the  resulting  (AE)  is 

recorded.  The  spectral,  bi-hemispherical  reflectance  (p.) 

A  S 

of  the  sample  is  then  calculated: 


<^>a 

(AE)^ 


(AE) 


(38) 


Therefore,  the  measurement  is  relative  to  the  spectral,  bi- 

hemispherical  reflectance,  (p.)  ,  of  the  standard  gold 

A  g 

mirror.  An  example  of  the  recorded  data  for  a  standard  gold 
mirror  and  two  sample  surfaces  is  shown  in  Figure  11. 


II.  SIGNIFICANT  DESIGN  PROBLEMS 


The  performance  of  an  infrared  integrating  sphere 
depends  most  strongly  upon  the  reflectance  of  the  sphere 
coating.  This  is  clearly  indicated  in  Equations  32  and  33. 
The  sphere  coating  should  have  near-unity  reflectance  for 
all  infrared  wavelengths  and  should  reflect  diffusely. 

During  this  study,  several  types  of  surfaces  were  fabricated 
and  tested.  The  most  satisfactory  were  gold  coated,  silicon 
carbide  (SiC)  abrasive  papers  and  gold  coated  monolayers  of 
60  to  80  mesh  glass  beads  which  were  cemented  to  a  substrate 
with  a  very  thin  layer  of  epoxy.  Samples  of  five  different 
grades  of  SiC  abrasive  papers  were  gold  coated  and  tested. 
The  test  consisted  of  measuring  the  infrared  reflectance  in 
a  Gier-Dunkle,  heated  cavity  ref lactometer  similar- to  that 
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Figure  11.  Example  of  ref lactometer  data  for  a  gold  mirror, 
a  sand  blasted  aluminum  surface  and  a  second  surface 
quartz  mi'tror. 
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shown  in  Figure  3,  page  8.  The  diffuse,  hemispherical- 
directional  reflectance  at  9  =  0“  was  measured  after 
removing  the  platinum  reference  fin  and  rotating  the  sample 
holder  until  the  normal  to  the  sample  was  directed  out  the 
cavity  exit  port.  This  eliminated  the  specular  component 
from  the  measured  energy.  The  diffuse  reflectance  was  then 

t 

obtained  by  ratioing  the  energy  reflected  from  the  sample  to 
the  energy  emitted  from  the  top  of  the  heated  cavity. 

Figure  12  shows  the  resulting  diffuse  reflectance  values  at 
lOy  plotted  against  grit  size  and  indicates  that  180  grit 
has  the  highest  reflectance  (95.3  per  cent). 

In  addition  to  these  measurements,  the  total  (i.e., 
diffuse  plus  specular)  hemispherical-directional  reflectances 
of  the  180  grit  surface  and  the  glass  beaded  surface  were 
determined  for  the  range  15®  0  i  70®  with  the  Gier-Dunkle 

ref lectometer .  The  resulting  reflectance  values  were  found 
to  be  essentially  independent  of  both  direction  and  wave¬ 
length  (ly  -  15vi)  .  The  diffuse  plus  specular  reflectance  of 
the  180  grit  surface  was  noted  to  be  the  same  at  0  =  15®  as 
•the  diffuse  reflectance  at  0  =  0®.  This  shows  that  the 
specular  reflectance  of  the  180  grit  surface  is  negligibly 
small.  This  fact,  together  wi-th  the  fact  that  p(0)  is 
constant  with  9,  shows  that  the  180  grit  surface  functions 
as  a  diffuse  reflector. 

The  directional  reflectance  values  for  the  180  grit 
surface  and  the  glass  beaded  surface  were  multiplied  by 
cos  0  and  plotted  in  the  conventional  manner  in  Figure  13. 
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Figure  12.  Diffuse  component  of  hemispherical-directional  reflectance  in  the 
normal  direction  (0  =  0®)  at  lOy  for  gold  coated  silicon  carbide 
abrasive  papers  of  varying  grit  sizes. 
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Nomenclature: 


Gold  Coated  180  Grit  Silicon  Carbide  Abrasive  Paper 

Gold  Coated  Monolayer  of  €0  -  80  Mesh  Glass  Beads 
Cemented  on  with  Thin  Layer  of  Epoxy 


Ideal  Diffuse  Surface  of  Unity  Reflectance 


Figure  13.  Theoretical,  normalized  distributions  of  lOy 
energy  reflected  from  directionally  illuminated 
samples. 
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This  type  of  plot  characterizes  the  reflected  flux  distri¬ 
bution  as  a  function  of  0.  Since  the  180  grit  surface  had  a 
higher  reflectance  than  the  beaded  surface,  it  was  used  in 
the  fabrication  of  the  integrating  sphere  (see  Figure  9, 
page  26)  . 

Another  problem  relating  to  the  design  of  the 
ref lectometer  concerns  the  directional  sensitivity  of  the 
hemispherical  detector.  The  application  of  the  (A^/A^) 
shape  factor  in  calculating  the  power  reaching  the  detector 
(Equation  32)  assumes  that  the  detector  is  Lambertian.  The 
criterion  for  a  Lambertian  detector  is  that  the  detector 
signal  vary  as  cos  9 ,  where  6  is  the  angle  between  the 
detector  normal  and  the  incident  flux. 

The  original  detector  acquired  for  use  as  the  hemi¬ 
spherical  detector  was  equipped  with  a  flat  KRS-5  window. 

The  directional  sensitivity  of  this  detector  was  determined 
at  approximately  3y  in  normal  planes  and  is  shown  in  Figures 
14a  and  14b.  The  data  were  normalized  to  the  detector 
readings  in  the  normal  direction  and  are  plotted  along  with 
cos  0  for  comparison. 

These  plots  show  that  the  sensitivity  is  too  high  in 
the  range  20®  <0<54‘’.  This  was  attributed  to  the  reflec¬ 
tion  characteristics  of  the  KRS-5  window,  since  there  was  no 
reason  to  suspect  that  the  active  thermistor  flake  would  not 
function  as  a  Lambertian  detector.  Consequently,  a  specially 
ground  and  polished  KRS-5  hemispherical  dome  (0.400"  I.D.  x 
0.600"  O.D.)  was  purchased  and  sent  to  Barnes  Engineering 
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Compensation  Flake 
on  Top 


Figure  14.  Directional  sensitivity  of  a  thermistor  detector 
with  flat  KRS-5  window. 
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Compensation  Flake 


•-0 


b.  Horizontal  orientation. 


Figure  14.  (continued) 
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for  installation  on  a  thermistor  detector.  This  dome  is 
evident  in  Figure  9,  page  26.  The  directional  characteris¬ 
tics  of  this  detector  (Figures  15a  and  15b}  are  essentially 
Lambertian.  The  variation  from  cos  6  as  6  approaches  90 
degrees  is  attributed  to  mechanical  blockage  of  the  active 
flake.  The  significant  variation  in  the  -6  direction  in 
Figure  15b  is  attributed  to  the  fact  that  the  tab  over  the 
compensation  flake  does  not  completely  shield  the  compensa¬ 
tion  flake  in  this  direction.  This  could  have  been  corrected 
with  a  slight  tab  modification. 

It  was  assumed  that  this  modified  detector  approxi¬ 
mated  a  Lambertian  detector  closely  enough  for  use  on  the 
ref lectometer . 

A  third  significant  problem  related  to  maximizing  the 
hemispherical  detector  signal-to-noise  ratio.  When  the 
ref lectometer  was  first  assembled  the  energy  was  chopped  at 
13  Hz.  The  detector  signal  was  contaminated  with  random 
noise  of  magnitude  ±0.5  yv  up  to  ±2  yv  on  some  occasions. 

This  was  enough  noise  to  render  the  ref lectometer  unusable. 

To  resolve  the  situation  the  HR-8  amplifier  was  applied  as  a 
tuned  frequency  voltmeter  to  analyze  the  spectral  character 
of  the  detector  noise.  The  rms  noise  voltage, 
measured  as  a  function  of  frequency  from  15  to  150  Hz. 

These  values  were  squared  and  divided  by  the  bandwidth,  Lt , 
of  the  HR-8.  The  resulting  [e^(f)]  /Lt  values  were  propor¬ 
tional  to  the  noise  power  per  unit  bandwidth  at  frequency  f. 
The  data  were  normalized  to  the  15  Hz  value  and  are  plotted 
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Compensation  Flake 
on  Top 


r-6 


Figure  15.  Directional  sensitivity  of  a  thermistor  detector 
with  hemispherical  KRS-5  dome. 
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Compensation  Flake 


-e 


b.  Horizontal  orientation. 


Figure  15.  (continued) 
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1  5 

in  Figure  16.  For  comparison,  a  normalized  (1/f  *  )  curve 
is  also  plotted  in  Figure  16.  These  data  indicated  that  the 
chopper  frequency  should  be  increased  to  reduce  the  noise. 
Since  the  thermistor  detector  was  fast  enough  to  accommodate 
such  an  increase, .the  chopper  frequency  was  changed  to 
100  Hz.  This  reduced  the  noise  by  a  factor  of  five  or  six 
to  a  level  well  below  0.1  yv.  However,  there  remains  inter¬ 
mittent  periods  in  which  the  hemispherical  detector  still- 
produces  noise  voltages  of  ±2  or  3  yv.  All  efforts  to 
remedy  this  problem  have  failed.  The  symptoms  suggest  an 
intermittently  noisy  connection  within  the  detector  housing. 

Another  way  to  improve  the  detector  signal-fo-noise 
ratio  is  to  simply  pass  more  energy  into  the  sphere  by 
increasing  the  infrared  source  temperature.  Incandescent 
filaments  of  carbon,  tungsten  and  a  1/4  inch  diameter 
silicon  carbide  (Globar)  rod  were  operated  in  the  helium 
atmosphere.  Of  these,  the  Globar  gave  the  most  satisfactory 
results  when  operated  at  650  watts  (three  times  rated  power) . 
However ,  this  input  power  heated  the  Globar  to  near  the  SiC 
sublimation  temperature  (2000  °C)  and  the  Globar  would  last 
only  four  to  six  hours. 

An  infrared  source  of  the  type  used  by  Wood  (8)  was 
installed  in  place  of  the  Globar  and  was  found  to  produce 
almost  exactly  as  much  infrared  energy  as  the  650  watt 
Globar.  Wood's  source  consists  of  a  standard  1000  watt, 
quartz  iodine  lamp  mounted  concentrically  in  a  2  inch 
O.D.  stainless  steel  tube  of  the  same  length  as  the  lamp. 
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Figure  16.  Normalized  power  density  spectrum  of  the 
electrical  noise  from  a  thermistor  infrared 
detector  compared  to  a  (1/f^*^)  spectral 
variation. 
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The  ends  of  the  tube  are  water-cooled  and  the  monochromator 
slit  is  focussed  on  the  quartz  envelope  through  a  small  hole 
in  the  side  of  the  stainless  tube.  The  stainless  tube  heats 
to  dull  red  in  the  middle,  and  while  the  temperature  of  the 
quartz  envelope  inside  the  tube  was  not  measured,  it 
undoubtedly  approaches  the  softening  point  of  quartz 
(1600  *C).  At  any  rate,  this  infrared  source  functions  very 
well  and  was  used  in  taking  all  of  the  experimental  reflect¬ 
ance  data . 
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CHAPTER  IV 

EXPERIMENTAL  RESULTS 

I.  SUMMARY  AND  ANALYSIS  OF 
EXPERIMENTAL  RESULTS 

In  Chapter  II  it  was  found  that  the  change,  AE,  in 
the  hemispherical  detector  signal  when  a  Scunple  was  placed 
on  the  sample  port  divided  by  the  hemispherical  detector 
signal,  £,  with  no  Scunple  on  the  Seunple  port  was  closely 
approximated  by  Equation  33 : 


[a 

A 

s 

A 

A' 

O 

0 

®  [1  - 


(39) 


The  sphere  parameters  for  the  ref lectometer  were 

_2 

established  at  A/A^  =  0.978  and  =  1.09  •  10  and  p^, 

for  a  test  Scunple  coated  at  the  same  time  as  the  sphere 
interior,  was  measured  to  be  0.95.  Substituting  these 
values  in  Equation  39  gives  the  ref lectometer  operating 
equation : 


AE 

E 


0.145 


(40) 


Attempts  to  experimentally  verify  Equations  39  and  40 

were  made  in  various  ways,  one  of  which  was  to  select  three 

samples  of  varying  p  and  to  measure  AE/E  vs  p  at  X  =  7u. 

s  s 
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The  samples  consisted  of  a  gold  mirror,  a  diffusely  reflect¬ 
ing,  sand-blasted  aluminum  sample  and  a  diffusely  reflecting 
sample  of  Molykote^  M-8800  dry  lubricant.  The  spectral, 
directional-hemispherical  reflectances,  these 

samples  were,  determined  at  0  =  15®  on  the  heated  cavity 
reflectometer  and  found  to  be  0.98,  0.66  and  0.24  respec¬ 
tively  at  7vi.  Also,  the  directional  reflectances  were 
demonstrated  to  be  independent  of  6  up  to  70  degrees,  which 
is  the  instrument  limit  on  0.  Therefore,  since  ,<|>) 

was  constant,  was  equal  to  shown  by  Equation 

13,  and  the  samples  were  usable  as  "working  standards"  for 
verifying  Equation  40. 

Figure  17  shows  the  resulting  variation  of  AE/E  vs 

the  bi-hemispherical  reflectance  with  1.3  mm  monochromator 

slits.  A  straight  calibration  line  is  drawn  through  the 

origin  and  through  the  gold  mirror  reflectance  value  because 

these  are  the  two  most  dependable  calibration  points.  The 

Mdlykote  and  aluminum  sample  data  points  are  3.3  per  cent 

and  2.6  per  cent  of  full  scale  higher  than  the  calibration 

line.  This  can  be  explained  on  the  basis  of  the  Fresnel 

reflection  law  (1)  which  shows  that  the  reflectance  of  any 

surface  approaches  unity  at  grazing  incidence  (i.e.,  as  0 

approaches  90  degrees).  Therefore  the  bi-hemispherical 

® 

reflectances  of  the  Molykote  and  aluminum  samples  are 

I 

actually  somewhat  larger  than  the  directional-hemispherical 

I 

reflectance  values  used  in  plotting  the  points  on  Figure  17. 
The  gold  mirror  data  point  should  be  the  most  accurate  since 
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Figure  17.  Plot  of  fractional  change  in  hemispherical 
detector  signal  versus  bi-hemispherical 
reflectance  at  7y. 
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the  gold  reflectance  in  the  infrared  is  near  unity  (0.98) 

except  at  grazing  angles  where  it  goes  to  unity. 

The  data  in  Figure  17  do  not  conclusively  show  that 

AE/E  is  proportional  to  p  .  since  the  reflectances  of  the 

s 

working  standards  are  not  known  accurately  enough.  However, 
this  linearity  was  assumed,  and  gold  mirrors  were  used 
exclusively  in  this  work  as  the  standards.  Their  bi- 
hemispherical  reflectance  was  assumed  to  be  0.98  on  the 
basis  that  their  measured  directional-hemispherical  reflect¬ 
ance  at  0  =  15“  was  0.98. 

According  to  Figure  17  (the  gold  standard)  the  sphere 
operating  equation  is: 

^  =  0.109  Pg  (41) 

Therefore,  the  "sphere  constant"  is  0.109  instead  of  0;145 

as  indicated  in  Equation  40.  This  difference  is  probably 

due  to  the  sphere  wall  reflectance,  p^,  being  less  than  the 

0.95  measured  on  the  test  sample.  The  sphere  constant 

varies  sharply  with  p  .  If  p  is  assumed  to  be  0.93  then 

w  w 

the  sphere  constant  calculated  from  Equation  39  is  equal  to 
the  experimental  value  of  0.109.  Since  the  narrow  seams 
between  the  strips  of  abrasive  paper  (see  Figure  9,  page  26) 
probably  reduce  the  effective  wall  reflectance  slightly, 
an  experimental  sphere  constant  of  0.109  is  considered  to  be 
in  good  agreement  with  the  predicted  value  of  0.145. 

Another  test  of  the  ref lectometer  performance 


49 


AEDC-TR.69.213 


(Equation  39)  is  that  the  sphere  constant  remain  constant 
for  all  wavelengths.  Using  a  gold  mirror  of  constant 
(0.98)  to  generate  the  AE  signal,  a  series  of  AE/E  measure¬ 
ments  were  made  at  various  wavelengths  with  the  monochromator 
slits  at  2  mm.  The  sphere  constants  were  calculated  from 
[ (AE/E)/0.98]  at  each  wavelength  and  were  found  to  be 
0.105  ±  0.005  in  the  wavelength  range  from  5.4  to  16. ly. 

Table  I  presents  a  summary  of  these  data.  The  fact  that 
AE/E  is  essentially  independent  of  wavelength  is  another 
indication  that  the  reflectometer  performs  as  predicted  by 
Equation  39. 

A  third  test  of  the  reflectometer  was  conducted  by 
determining  vs  X  for  the  sand-blasted  aluminum  scunple  and 
comparing  the  results  to  the  normal,  spectral  emittance  • 

as  determined  with  the  heated  cavity  reflectometer.  The 
results  are  summarized  in  Table  II,  and  show  that  the  hemi¬ 
spherical  to  normal  emittance  ratios  generally  increase  with 
wavelength.  This  is  the  expected  result  since  the  sand¬ 
blasted  surface  becomes  more  specular,  and  the  reflectance 
increases,  at  the  longer  wavelengths. 

The  final  reflectometer  performance  test  consisted  of 
an  application  of  the  device  to  determine  the  total  emittance 
of  fused  quartz  at  100  This  temperature  was  chosen 

because  published  total  emittan'^e  data  on  100  ®C  quartz  are 
available  (9). 

This  performance  test  consisted  of  using  the  reflec¬ 
tometer  to  determine  the  spectral,  hemispherical  emittance 
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TABLE  I 

EXPERIMENTAL  SPHERE  CONSTANTS,  (AE/E)/0.98, 
AT  VARIOUS  WAVELENGTHS 


X 

(V) 

E 

(yv) 

AE 

(yv) 

AE/E  For 
=  0.98 

AE/E 

5.4 

126 

13.6 

1 

0.108 

0.110 

7.0 

21.9 

2.28 

0.104 

0.106 

9.8 

8.24 

0.82 

0.100 

0.102 

11.1 

6.05 

0.62 

0.102 

0.104 

12.7 

4.31 

0.42 

0.098 

0.100 

14.7 

2.73 

0.28 

0.103 

0.105 

16.1 

1.71 

0.17 

0.100 

0.102 
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TABLE  II 

HEMISPHERICAL  AND  NORMAL  SPECTRAL  EMITTANCE 
CHARACTERISTICS  OF  SAND  BLASTED  ALUMINUM 


X  • 
(u) 

Px 

^X 

Ox*!. 

5.4 

.63 

.37 

.63 

.37 

1.00 

7.0 

.67 

.33 

.66 

.34 

0.97 

• 

00 

.68 

.32 

.69 

.31 

1.03 

9.8 

.70 

.30 

'  .70 

.30 

1.00 

11.1 

.68 

.32 

.72 

.28 

1.14 

12.7 

.72 

.28 

.75 

.25 

1.12 

14.7 

.73 

.27 

.76 

.24 

1.12 

52 


AEDC-TR-69.213 


of  a  room  temperature  quartz  plate.  The  results  are  shown 
in  Figure  18.  Due  to  detector  noise  (see  following  section) 
the  measurements  were  limited  to  the  region  less  than  16vi, 
and  the  emittance  curve  was  extrapolated  to  50y  as  a  straight 
line.  This  appeared  reasonable  both  because  the  emittance 
curve  had  leveled  out  at  12y  and  because  the  emissive  power 
in  the  region  beyond  16y  amounted  to  only  26  per  cent  of  the 
total  emissive  power. 

The  experimental  emittance  data  were  used  to  calcu¬ 
late  the  total  emittance  in  the  exact  manner  indicated  in 
Equation  5.  The  calculation  was  performed  graphically  as 
shown  in  Figure  19.  Curve  2  is  Planck's  function  for  a 
100  “C  blackbody.  Curve  1  is  the  product  of  Curve  2  and  the 
spectral  emittance  data  in  Figure  18.  The  ratio  of  the  area 
under  curve  1  to  the  area  under  curve  2  is  the  total 
emittance  (Equation  5) .  The  areas  were  measured  with  a 
planimeter  and  ratioed  to  obtain  an  e  =  0.80.  This  agrees 
very  well  with  the  reported  e  of  0.78  for  100  ®C  fused 
quartz  (9) . 

In  summary,  the  results  of  all  the  experimental 
performance  tests  indicate  that  the  ref lectometer  functions 
in  the  manner  defined  by  the  analysis  and  as  specified  by 
Equation  39. 


II.  ERROR  SOURCES 

In  the  derivation  of  the  reflectometer  operating 
equation  (Equation  39)  several  assumptions  are  made; 
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Figure  19.  Spectral  power  emitted  from  100  ®C  fused  quartz. 
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1.  The  sphere  coating  is  uniform  and  functions  as  an 
ideal  diffuse  reflector. 

2.  The  hemispherical  detector  is  Lambertian. 

3 .  No  infrared  energy  is  absorbed  by  the  gases 
within  the  sphere. 

4.  The  baffles  and  the  energy  input  port  do  not 
affect  the  measurements. 

5.  A  second  order  term  is  negligible  and  can  be 
dropped  from  Equation  27. 

6.  A  finite  sphere  wall  and  coating  thickness  at  the 
sample  port  generates  no  error  by  incorrectly 
illuminating  the  sample  at  the  highest  (88  to  90 
degrees)  grazing  angles. 

7.  Chopped,  stray  light  of  incorrect  wavelength 
getting  from  the  monochromator  into  the  sphere 
produces  negligible  error. 

,  During  the  ref lectometer  design  steps  were  taken  to 
validate  each  of  these  assumptions.  Those  relating  to  1 
through  3  above  were  discussed  previously.  Regarding 
assumption  4,  the  baffles  were  trimmed  to  minimum  size 
possible. 

A  brief  error  analysis  of  assumption  5  suffices  to 
show  that  the  sample  reflectance  values  calculated  from 
Equation  38  should  be  corrected  by  a  factor  of  [1.01/ 

(1  +  O.Olp  )]-  Therefore,  for  low  sample  reflectance  the 

S 

calculaj:ed  values  are  low  by  1  per  cent  of  magnitude.  For 
high  values  the  error  goes  to  zero. 
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To  validate  assumption  6,  to  the  extent  possible,  the 
sphere  wall  was  feathered  to  a  sharp  edge  around  the  sample 
port.  However,  the  sphere  coating  added  to  the  wall  thick¬ 
ness.  To  reduce  stray  light  the  interiors  of  all  transfer 
optics  housings  were  painted  black. 

In  spite  of  efforts,  there  are  undoubtedly  residual 
errors  associated  with  each  of  the  above  assumptions.  How¬ 
ever,  it  is  judged  that  the  accumulation  of  these  error 
sources  produces  an  uncertainty  in  p  of  no  greater  than 
±0.01  (i.e.,  ±1  per  cent  of  full  scale).  Another  uncertainty 
of  ±1' per' cent  results  from  the  use  of  the  gold  mirror  as 
the  standard  for  the  ref lectometer .  Therefore,  it  is  esti¬ 
mated  that  the  reflectometer  can  produce  ±2  per  cent  data 
at  wavelengths  where  the  detector  noise  does  not  affect  the 
measurements . 

However,  the  largest  error,  by  far,  is  due  to  detector 
noise.  Figure  20  illustrates  this  point.  The  top  curve 
shows  the  variation  of  the  hemispherical  detector  signal  at 
maximum  available  energy  (2  mm. slits),  The  second,  third 
and  fourth  curves  from  the  top  are  the  AE  for  sample 
reflectances  of  100,  10  and  1  per  cent,  respectively.  The 
horizontal  lines  are  the  observed  maximum  peak-to-peak 
voltages  of  the  random  detector  noise  signals  for  various 
amplifier  output  time  constants.  The  noise  signals  manifest 
themselves  as  slow  variations  in  the  recorder  trace. 

Figure  11,  page  33,  illustrates  the  less  significant  noise 
signals  which  are  commonly  observed.  Under  some  operating 
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Figure  20.  Comparison  of  detector  signal  levels  to  detector 
noise  at  various  integration  times. 
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conditions  the  noise  can  equal  or  exceed  the  AE  signal 
resulting  from  the  sample  installation.  For  example/  if  the 
sample  reflectance  is  10  per  cent  (third  curve  in  Figure  20) 
and  RC  =  30  seconds  then  AE  is  equal  to  the  noise  at  15.7^1/ 
and  a  reflectance  measurement  would  be  impossible.  Under 
these  conditions,  increasing  the  time  constant  to  100 
seconds  (and  consequently  increasing  the  measurement  time  to 
1  hour  per  reflectance  data  point)  would  generate  a  4  to  1 

I 

1  * 

signal-to-noise  ratio  and  with  graphicall  noise  averaging 

•  * 

would  allow  a  reasonably  accurate  measurement.  It  is 
estimated  that  the  reflectance  measurement  uncertainty  at 
16vi  .(and  RC  =  100  sec)  does  not  exceed  ±0.10  (i.e.,  ±10  per 
cent  of  full  scale).  At  shorter  wavelengths  this  uncertainty 
decreases. 

Therefore,  in  its  present  state. of  development,  the 
ref lectometer  uncertainty  is  estimated  to  be  less  than  ±2 
per  cent  of  full  scale  at  5y  and  less  than  ±10  per  cent  at 

16ii. 
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CHAPTER  V 

CONCLUSIONS 

An  integrating  sphere  may  be  applied  to  the  direct 
measurement  of  the  spectral,  bi-hemi spherical  reflectance  of 
surtaces  in  the  infrared.  This  surface  property  is  particu¬ 
larly  useful  since  unity  minus  this  quantity  is  the  spectral 
hemispherical  emittance  of  the  surface.  This  experimental 
technique  for  determining  hemispherical  emittance  was  justi¬ 
fied  both  on  an  analytical  basis  and  to  the  extent  possible 
with  available  "working  standard  surfaces,"  on  an  experi¬ 
mental  basis.  In  its  present  state  of  development,  the 
experimental  ref lectometer  produces  reflectance  data  with  an 
estimated  uncertainty  of  ±0.02  (±2  per  cent  of  full  scale) 
at  5y.  As  a  result  of  excessive  detector  noise,  this  in¬ 
creases  to  ±0.10  at  16y.  Further  development  work  should  be 
directed  toward  improving  the  signal-to-noise  ratio.  This 
will  extend  the  wavelength  range  of  the  instrument  and 
render  it  a  very  useful  analytical  device. 
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APPENDIX  A 

RELATIONSHIP  OF  DIRECTIONAL  EMITTANCE  TO 
HEMISPHERICAL  EMITTANCE 

In  the  general  case  of  a  diffuse/  or  non-diffuse, 

infrared  emitting  surface  of  differential  area  dA,  the 

radiant  intensity/  I  (6/(j)),  is  defined  as  the  power,  P  (8  ,<{))/ 

s  s 

flowing  in  the  (6/(^)  direction  per  unit  solid  angle  per  unit 
of  emitter  area  projected  normal  to  the  (6/ij>)  direction. 

That  is 

=  Iaco.6 

The  total  power  emitted  by  dA  is  found  by  simply  integrating 
over  the  surrounding  hemisphere: 

P  =  /  I  (0/(j>)  dA  cos  0  duj  (43) 

s  _J  ^ 

A 

Since  dco  =  sin@  d@  d(ti 
2tt  7r/2 

^-/  /  1^(0 /4>)  dA  COS0  sin0  d0  dcf)  (44) 

o  o 

If  the  surface  is  an  ideal  black  surface  then  the  intensity 
is  a  constant/  lj^(0,0)/  independent  of  0  and  4>.  In  this 
case  the  total  power  emitted  into  the  surrounding  hemisphere 
is : 
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27r  ‘rr/2 

/  I]^(0,0)  cos6  sin6  d6  d^i  (45) 

o  o 

Integrating  gives : 

Pj^  =  TTdA  lj^(0,0)  (46) 

The  ratio  of  Equations  44  and  46  gives  the  total  hemi¬ 
spherical  surface  emittance/  c,  which  is  defined  as  the 
ratio  of  the  power  emitted  hemispherically  by-  the  surface  to 
the  power  emitted  hemispherically  by  the  ideal  black  surface: 


c 


2Tr  Tr/2 

/  / 


o  o 


I  (e,(t))  dA  cose  sine  de  d(l> 
s 


TTdA  lj^(0,0) 


(47) 


Since  I.  (0,0)  is  a  constant  it  can  be  taken  inside  the 
o 

double  integral: 


c 


1 

IT 


2tt  Tr/2 

/  / 


I  (e /(j))  dA  cose 

S 

lu (0,0)  dA  cos 


cose  sine  de  d(^ 


(48) 


The  quantity  in  brackets  is  the  ratio  of  power  per  unit 
solid  angle  emitted  in  the  (e,(^)  direction  by  dA  of  the  real 
surface  to  the  power  per  unit  solid  angle  emitted  in  the 
(e,(|>)  direction  by  dA  of  a  black  surface.  By  definition, 
this  ratio  is  the  directional  emittance,  e(6,4>),  of  the  real 
surface.  Also,  since  the  foregoing  definitions  deal  only 
with  geometrical  relations  and  do  not  place  restrictions  on 
the  spectral  character  of  the  radiant  intensity,  it  is  clear 
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that  Equation  48  is  also  a  valid  definition  of  the  mono 
chromatic  hemispherical  emittance,  of  the  surface. 
Therefore : 

2tt  Tr/2 

I 


£p^(3/(i>)  cos6  sin6  d6  d(|> 


(49) 
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APPENDIX  B 

SHAPE  FACTOR  FOR  ENERGY  TRANSFER  BETTffiEN 
TWO  AREAS  ON  A  SPHERICAL  SURFACE 

A  configuration,  or  shape,  factor  is  defined  as  the 
fraction  of  power  incident  on  one  surface ,  from  another  sur¬ 
face  which  is  emitting  (or  reflecting)  energy  diffusely  (6) . 
Consider  elemental  areas  dA^^  and  dA2  in  relative  positions 
as  shown  in  Figure  21. 


Figure  21.  Geometry  for  shape  factor  definition. 

The  magnitude  of  the  shape  factor  for  energy  transfer 
from  dAj^  to  dA2  is  (6); 


■  dA, -^dAj 


cos9j^  cos  9  2  <iA2 
“  2 


If  dA^  and  dA2  are  two  elemental  areas  on  a  sphere  (10)  then 
their  relative  positions  are  as  shown  in  Figure  22. 
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Figure  22.  Geometrical  relationships  when  dA.  and  dA2  are 
located  on  a  sphere  wall* 


It  is  obvious  that  9^^  =  ©2  “  9  and  s  =  2r  cos6. 
Therefore,  from  Equation  50 


cos  9  dA2 

‘^l‘*^^2  4iTr^  cos^9 


(51) 


Since  47rr  =  A^,  the  area  of  the  sphere,  the  shape  factor  is 
s imply ; 


dA, 

!'  ss 

dA,  -♦dA^  A 

O 


(52) 
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